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.Abstract ,,-,. ' .. 
' --. ,' ' , ~- --- _......, . 
The· basic probl~m in·· .the. aerodynamic design of an axial· . . ( 
' ~ 
. . 
.'. :I· r, , 
.· · ·flow turb.ine is to obtain the maximum overa 11 · effi~iency 
---·-·-· 
'i. ·,! 
.,. 
.within the limitations imposed by stress, turbine matchi,;ig·~ 
and e·conomic considerations such as efficiency trade off 
· · versus numbe1;.9 of stages_ •. 
. !/_.,....- .·. 
To define exactly the, flow conditions at all "poi1its in 
the flow field would require taking into account an extremely . . 
large number of variables in addition to solving the Navier 
Stokes equations for compressibl~, -viscous, unsteady flow --
with turbulence. _Any·working method, therefore, must be a 
compromise between simplicity and accur~cy. 
-r 
In the optimization and design procedure the correla.tions ;;; . 
of Ainley and Mathieson (Ref. 1) have-been utilized, and since. 
, these correlations .are -based upon cascade mean flow path data, 
th~ method is essentially a mean diameter design proced-ure. · 
. The basic design procedure has been divided into·tbree sequen-
tial steps, the _first of which is· the optimization and eval-.. . ~· 
ua tion of the turbine major parameters with given limitations. 
After selection of major parameters the next.step is the ~ . 
detailed thermodynamic calculation, the end result of which 
. is the· specifying of the temperature, pressure, vel·ocity. · 
. ~ 
.~ . :-
. ··.,; .. 
.,,I • 
.. . 
- 1. .. .. .cc-- '. 
•• 
. <\· ., . 
... . . . 
,I . 
'r ·. ·· .. 
,:''.;1.···,,r, ,,--.-
. ; 
--
. . 
• 
· ... ~ ... 
. . .. 
and deqsity throughou,t t'-1e · fl~ field assuming a prescribed . · 
. .  
. . variation of peripheral velocity component with ra.dius. · The .· . 
, -
. . ,_,J. major simplifying ·assumpti()n made~ in addition to the usual 
.. 
,. boundary layer approximation that away from solid surfaces 
',\ 
r-·\') the flow is.inviscid, is that in the solution of the Navier 
, Stokes equation the flow may be considered ·to be the super· 
· imposition of two 2~dimensional solutions; i.e., the axi-
--~ symmetrica 1 fla.J solution and the blade to blade solution.· 
.. 
·,. '(I. 
• 
r. The final step in the design procedure is ··t:ne relating _o.f · 
/,,,-
/ 
the thermodynamic.calcuiation to p1'ysical blade profiles 
I 
in order to obtain the requirea amount of work. 
r"V 
.. The simplifying assumptions of this method have ·een 
found to ·grea_tly reduce the time required to design an \. 
1
, 
. I \ 
. . \ \ 
"' 
. 
........·~, axia 1 flow tur}:>ine without inc~urring serious loss of ·. \ 
accuracy. The accuracy, at the design point, that may be 
expected is in the order of ! 2% on efficiency and :!:' 3% on 
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. In using the analysis of this report to predict part~ 
· ·_ load Operation, however, it has been found that while 
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·efficiency l)rediction remains reasona"bl·y good, the capac-ity 
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INIRODUCTION . 
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· ·. The purpose of this report is to present a complete 
' . . 
'ij 
• 
~. method for the thermod:y1lamic. design of an axial flow turbine~·.· r', 
. 
. 4 
. 
. Today there are a multi.tude. of text .. books· and "technical 
papers available which cover most completely the present. 
\ 
· · state of the science and art of turbine design,. and it is not 
' 
. proposed here to evaluate ·the advantages or disadvantages .of 
any particular method. This paper rather gives a desigri 
method which the writer has found ~ill permit the reliable· 
. 
prediction of capacity,_ .efficiency, and part load operation 
of an axia 1 flow turbine. ~ - ,, 
:c~ -- .. --. The· basis ~ the thermodynamic· design method is the I 
·--~--~---
' .. 
( .,, 
Ainley and Mathi~)on repC>rt. (1). This report does not use 
-
. different r~lationship~ for rotating and st·ationary rows, 
,.\ .... 
and this simplification must involve errors since the flow· 
in a rotating cascade is fundamentally different from that in 
a stationary cascade. As pointed out in the Ainley report 
.. in order to predict exactly the flow conditions at all points . . . 
. . . 
. 
. 
. 
-· 
· .· in ~he flow· field, _an_ exceed.ing.ly large number of variables 
·-
... , .. 
. . ~ ... 
.,.,,. 
• 
·-
" would have to be· taken into account. 
, In orde'r i:o ~chieve a nie~ure of simplicity the number 
........ ,. . ·-
- . of ·var·iables must be reduced to a minimum·, and any working 
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,. method must be a compromise. betw_~en simplic~ty and accuracy~ 
.. 
A further major ~implification throughout the tre~tmEi'nt by 
·AiI?,ley· is -the one of considering the. flow path through· eac.h ,--"···.···'.~··"··~ 
\. . 
. ' 
. stage -~t one dia~eter only. ·The "reference diam.eter selected . . 
is· the arithmetic mean. of the rotor and stator inner and '. .. 
' 
. 
. 
outer ·diameters. In adop.ting this procedure it .is assumed · __ '. 
that in any ~ross sectional plane of ·flow between adjacent ) 
. ' 
row.s the total pressure, temperature, and axial velocity are 
equal at all points in the flow field. In general this·is 
' ' far· from the. truth,. however, .. the c_orrect overall stage 
· characteristics may be, predicted if the efflUX angles and 
pressure loss coefficients at the reference sections are 
equal· to the mean values over the entire cross section. The 
accuracy of· the performance calculations rests entirely upon 
the ciccUJ:acy with which these values can ~timated. The 
corre_lations of Ainley and Mathieson do not permit the 
-
' .. 
es~imation of pressure loss coefficient for blades with. 
negative inlet angles, and although negative· blade angles 
· -may be .expected at· tl}e blade ··tips;, of a row with a high 
~ 
, 
·,' .· ~ 
r·eaction ~e.an ~ec~ion, since the overall bl~de loss is related 
to.~the mean section this,sh6uld not present a·problem. The 
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_'':J • estimation of optimum space chord ratio for· tip sections ·· . \ . . ' . 
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· with negative inlet angles has been obtained· by extrapolation 
. . 
Of the' correlations of .Ainley and Mathieson with the aid of 
data 'from lraupel (2). 
,. 
' The methods of this thesis have been found to give. •-qjJ··· .. . . ""I ., ~.. . 
· accurate predictions for a large number of unchoked turbines 
. e ·, 
of di£ ferent sizes and horsepowers• 
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1. SELECTION OF PARAMETERS· 
·-
.. 
-· --··· 
L.J_.__, 
The· basic ·problem in. the design of a tllrbine is - • 0 I:, • ' ( 
" ··-··· -· 
· -obtain the overall maximum efficiency within the limita- - · -
._ : tions imposed by the matching of. the turbine characteris· 
. ·. 
. -~~<o-<''<·!><><-,., ••• ,-•••••·<I 
' ' 
,41, . 
· tics and stress. Turbines· may be divided into, {Ow~ broad 
categories, one being the aircraft type turbine, the 
other being the industrial type t~bine. The .main 
differences between these two types are turbine -inlet 
tempera~ure, and .last stage leaving conditions. In 
. 
, 
·general aero engine~ tend to have higher turbine inle-t 
.t.'-___ __; 
~ temperatures i:ri Qrder to reduce size. and weight, whereas · 
in an industrial turbine these considerations are of less 
·importance than blade life. Regarding_l~st stage· leaving 
. 
conditions, the ax_ial. leaving velocity from the blading of 
an aircraft turbine-is usually hig~er than that of an 
I 
industria~ type turbine. In the aircraft turbine further 
\ 
. 
. expansion takes place i.n the propelling nozzle after the · · 
fluid leaves the last blade row, however, in an·industrial . 
. 
-
- ~. '".. ... 
• • 
,_ .. 1:,. 
. ~,-- ,. . ... -, .... 
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. . ' 
·• 
.. 
,. 
. turbine the leaving velocity is lost except for that portion 
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·Approximate rules are required ·for the design· of 
• 
> 
• 
the most efficient turbines, with given .limitations, so . 
. 
-
1 
·that the ~·num~er of designs to be. investigated are reduced . ' . -' (,,_ 
. . 
to a minimum. This section of the papsr o.utlines the 
' . principal factors affecting efficiency and puts 
.... -. ' \ 
a method of assessing it. 
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' . 1.1 · alsde Effi<;iency and Shaft Effi~iencx 
. . Shaft efficiency is the efficiepcy bas~d upon the ' . ~ . 
_;..;.,_ ,:-c,.,· 
horsepcwer delivered to the turbine shaft, and is the 
efficiency used in overall· performance calculations:! 
"< . 
·., 
Blading efficiency is defined· a.s the stage efficiency Q . - ' 
_. ·. ·which would be measured in a fully shr.ouded and· sealed 
' turbine, and x-eflects ··only. the profile and secondary 
. 
. losses. The difference between these two efficiencies 
· is due to blade ti·p leakage, cooling air interference ~ -
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. -and other matters of a detail design nature, the effects 
· . of which can be minimized by areful design. The purpo~e 
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·of the·. distin.ction is· to define an effi~iency which is 
.· determined by· the turbine design calculations alone and ' . , 
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which can .be· "a:ttained, or very nearly so, if sufficient . 
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, care is taken in the detail design stage. This difference 
is very real and may be as much as 5%. · 
-1.2 Work Pa;camete;r and FtoW Qoeffic.ient 
, ... Referring to figure 1.1, Eule1's equatio11 may b~ 
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written as follows: 
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and equatiori (t.6) may be wri~ten . 
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·. CA TANCX2.·. ;_TAN0<.3 u' - ,• 
. C . . .. i TAN/3z. -TAN/33 --1.7 
·;· .: -- In equation 
.· .. Kp/1T .. 
(1. 7) u' is defined as the work. 
·· parameter and CA as the flgw coeffiQ1ent. Examination 
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of this equation shows that the work parameter is a 
' 
' function of flow coefficient and blade geometry. -
Further, it may be shown that a c'ondition such as 507o 
reaction or zero exit swirl is sufficient to dete,,rmine· 
. 
' 
·. blade geometry for a given value of work paramet:er and 
flow coefficient. In order to determine. efficiency for 
a given configuration· then, it is only necessary to 
· spe.cify the above conditions. Initially an attempt was 
· made . to obtain a- ·correlation between efficiency and blade 
geometry, for a given value of work parameter and fl~ . 
-
.. 
~ coefficient, by assuming blade geometry could be defined 
by deflectiOll only (i.e • cx,-<X2.'0R f3z. -A)• It was · ~ 3 . 
' , 
_ . subsequently, found, however, that this is only possible 
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. . if the inlet area to the row i·s iarge· ·compared with ·the · 
. 
. . . . . 
· o_utlet area. · (1·.e. far away .from impulse). 
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.Figure 1.2 is a cros.s plot of data from· the "inley· and 
Ma.thieson ·report., · Examination of this curve sha.,s that 
below an area __ ratio about 1~5 the profile loss coefficient 
. 
· increases sharply, and it is no .l~ger permissible to . 
. assume that def le'iion alone d~termines its lllagnitude. 
Fqr preliminary estimates of the varia.tion of efficiency 
wi.th work parameter and flo-w coefficient the following 
cases were found sufficient to enable a reasonable 
. -estimate to be made· prior to a detail design. 
(1) ,_first stage, axial inlet, 5C1k reaction. 
(2) Internal stage, (X 1 = /32. , 50% reaction• 
. 
· (3) Last stage, · CX 1 = 20: cx3 = O 
(4) Single ge CX i _ cx3 = O 
.. 
... • .. ..:,,::.-
... :.., .... ; .. 
For ·the first ·two ·cases only the tota,l to total· effic-iency 
was calculated, for. the last two cases total to total and 
--- -total to static efficiencies were calculated. · -
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, Referring to figure 1. 3 the· total to total efficien~y 
'-is defined as follows: 
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· ·For the· 1ast stage: of a multist~ge turbine~ .or a . 
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··.. · ... ··single stage ·turbine,' mtich· of, the ~kinetic energy is not . 
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. ; r -recoverable and there is an additional enthalpy loss. ····· 
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A compu·ter program was written to per£ orm the · above 
calculations, wh~ch includes the following assumptions. 
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(-1) Profile and secondary. losses are t~ose 
takeri from th~ Ainley and Mathieson report. 
(2) Blades are fully shrouded and-se~led. -
,. . 
' (3) Blades are at the optimum space/chord ratio . 
(4) . 1 = 1. 350 . ' 
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..i (5) ·Hub/tip ratio = . 75 
(6) Area Ratio = COS (X3 
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With the above assumptions it is considered that the ( . . . 
. "' .. re~ults obtained· are sufficient to enable the best 
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velocity triangles to be drawn for· optimum heat q.rop · 0 ' 0 
• • • ~-;pO 
. '{'\ .• 
- ·· distribution. · ·For- reasons explain~d in_ SectiOll 1.1 
( 
-- ·, 
' the efficiencies calc-ulated are· blading efficienci~s '.··.· 
... 
· and corrections have to be· made for leakage losses 
arid ~ooling air interference, ete. 
( 
Curves of total 
and static efficiencies have been plotted, the 
,, 
· ·exan1ination of ·which permits. the foll-owing general 
·.observations. · / 
(-1) . IJ1_ the first and internal stages of a, 
multistage · turbine the. efficiency will . · 
. I 
be maximum when the flow coefficient· lies---
between • 6 and . 9; · The · optimum value · 
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within this ra,;1ge is a ·function of w·ork. 
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leaving velocity is lost except for that 
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mean ~ection reaction beyond 50%, in practice this presents. 
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·,·we ge-~: 
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C 'TAN CX· A . . a 
, Sub~tituting-' equation (1.20) in (1.19), we· get: 
R I I c.4 - - ........ z· ~ <, . u ) TA~.CX2 + TAN 0( 3 
Referring. again to Figure 1.'1 
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Subst·ituting equation (1.22) in (1.21), we get: · • 
. . R. I--''' ' I TAN0<.2.. + TAN CX3 
-2 TAN0<.2 - TAN/J2. r -
, 
.. : 
. . .. ·. . .. -
- •. ·. ,. 
. . • ·"" ! ' ·; 
· I ,TAN~2. + TAN0(3 
- . 2 TAN CX3 - TAN/33 
--- /•23 --_ 
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•. 
. (2) 
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· Now for 50% reaction, i.e1 R = 
'( 
.s, equation (1.23) 
. ( 
gives: 
.. ,1,.'' 
I.E. ft2.' CX 3 -------/·24 
. TAN CX.3 - TAN r., == "FAN CX2· · + TANCXa 
. . }J3 .. 
I.E. /3 3 =)CX2.. ---------1·?5 
zero ,Exit Swirl ;Qesign 
The zero exit swirl. design is important: ~iilCe the 
\ , I . 
condition of· zero exit swirl is desirable for the 
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· :last stage of· a multistage ·turbine, or a single 
J •. 
· stage turbine, 
.:, 
· .Now for zero exit swirl, Ca 3 == 0 
From equation (1.2), 
or 
I ... 
and since C83 -= 0 
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From equatiOtl (1,.19), for Ce 3 == 0 
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Examina~ion of~ e_qu.~~!on (1~28) reveals the following: 
(a.) A 501o reaction design can only be obtained for 
·.. . . . . Kp{ST . · 
\ 
a value of LJ2. = l·O 
, Kpl1 T The value of . u2 varies linearly with .· 
reaction- from a .value of two at zero reaction~ ··_ 
l 
to zero at 100'/o reaction • 
(e.) .The maximum value of work parameter that can. be\ 
used is two',. To increase the work parameter 
-
. 
above two requires th.e introduction of exi~ 
' 
swirl if the condition of rotor diffusion is to· 
· be avoided . 
1.4 Minimum Permissible Hub/Tip Ratio 
. ~. 
At the preliminary design stage it is important to 
know what restrictions, if any, hub/tip ratio will impose 
' 
~ 
upon a "Selected design. In accordance with the comments 
- made in section 1. 3 re la ting to mean section design, 
· three_ cases w1·11 be considered~ as :follows_: . · 
I . "'· . 
(a.) 50'/o reaction mean section design. 
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Impulse root,design~ 
(c) Zero exit swirl design. 
. . In the fol-lowing analysis .simJ:>le radial equilibrium 
will be assumed. Although the applicati·9n of the 
. 
. 
. .·." ... 
simplified radial equilibrium equation may not Sive .· · .. >. , . 
an exact solution to.the particular design __ under 
; consideration,. it is sufficiently accurate to enable'\ 
. 
the limiting hub/tip ratio to be determined at the 
I preliminary design stage·. 
In section 2 . 3 it is shown . that if. in·. a turbine stage 
the tangentia.l velocity distribution behind .the 
• 
stator and rotor -row are both free vortex, then 
& 
T' Caz= constant 
·/·29. r Ca3= constant 
Further, if the enthalpy drop and entropy • increase 
·are ·c0onstant at all. radii· the~ a complete solution· 
0 
to the flow • 1S as follows: ; 
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K2. . CA2 - 'CONSTANT- Ce2 - -
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TAN CY.2. = :t , TANfti = K2. 
· 4a l"CA 2 
.... 
·. . - . K~ -
TANCX.3 = - . 
. . .. · · ·l"'CAa 
- . . K~ 
, TAN/J3 = 1'CA3 
· Where K2 and K3 are constants determilled from the 
me~n sec~ion design. 
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Now.fro~ eq~tion (1.19) 
R = I 
.;..·,,· ' 
Substituting Ce 2. and Ca3 from equatioii (1. 30), 
we get, 
R ~, -
and if u = nr 
l·.30 
-
~ , .. , 
K2· + K3 . ------- . 
· 1··31 r2. 
. . 
The.~imi~ on permissible·hub/tip ratio is assumed 
. \\. 
. ~~\\_ 
to be impulse root» since high losses result from 
recompression in the rotor. Thus if the reaction 
' at the root. rh • 0 is zero, · 
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Substituting equation (1~32) into (1.31·) we find . . 
. 
·. that the. reaction at any radius r is given-by, '. 
. . ') .. : 
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For cases (af~nd (b) the ~PPlication of equation ? . •_' ., · .... 
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. ' ' • -~. ~ (1.33) gives the following resu-lts: .. ' . -' .·- ,, '. ' C-• 
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(,a.) . 507o reaction mean sec.tion design 
. Let - rm = mean radius. 
Then 
rt = tip radius~ 
rh = ·root radius . 
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. . ' ' . (b) · Impulse root radius design. f . . .. __ ., ..... •r:. 
The radius where the reaction is 507o, .for impulse 
.. 
. ' .· .}, ·. 
. .,, ... 
·-·- root design, is given- by substituting equation (1.34) . . . 
.... 
into {l.33.) as follows: 
.-_rh 
·-
--: r '= . 
· .. ;-·;: .. ··.: 
. " 
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.· Theref.ore . in a machine with a hub/tip rat·io of less 
than. 0707, if impulse root conditions are selected, 
.. ', ~ , -
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the reaction will exceed 507o towards the tip. ' ' :~. 
(c) Zero exit swirl design. 
From equation (1.27) 
R = I I Cea. 2 U 
Substituting Ce2. fr.om equation (1.30), the flow ·· -~- · 
·solut~on for simple radial equilibrium, we· get · 
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· .· . Now ·for' impulse root c·onditions, 
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··Substituting (1.38) into (1~37), we get 
' .... 2. 
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· · This equation is· identical to equation (1.33), and 
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could have been anticipated. 
Now ~om equ~tion (1.28) 
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If Um is the mean section blade speed, then equating 
equations (1.28) and (1.39), we get 
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·. Equation (1.41) gives. the condition for a zero exit swirl 
design with impulse root o To---obtain rotor root convergence 
· the left hand side of the equation must always be less 
than the right hand ·side. Because of· the importance · of 
.., determining the limiting· hub/~ip ratio at the pr.eliminary r 
desig~ stage,. equa~ion (1.41) has been plotted on Figure 
.1.10 to enable rapid assessment of root cond·ition • 
1.s MinimYffi Exif--Mach Nymber and Effekt of Reynolds Number 
In general for high area ratio· passages 1~ entry · 
· ·Mach numbers will be inevitable. · For high efficiency 
subsonic turbines o5 should be considered as the minimum 
permissible ~xit Mach number from a row since below this 
value losses increase rapidly. Mach number and Reynolds 
• 
. . 
· number ·are considered here together since part of the ,, 
. } . 
, ...... 
. -~ . 
reason f-or avoiding. low Mach nu~bers is the accompanying 
' . low Reynolds number. Based on,:blade chord length the 
· ~minimum permissible Reynolds n·umber for high efficiency 
turbines is considered to be 1o5. Ainley suggests that ., ' 
the losses in a turbine vary as the ratio·· 
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.·~ It has been the writers experience,. however, · that efficiency -- · 
' ' 
' . 
.. ' · increases little with increased Reynolds number, however, 
__ ,,,,., ... -.,..· ___ ·_ .. _:_ high Reynolds number dQes appear to effect, capacity due to_ 
decreased boundary laye·r displacement thickness. For a 
..... · · -·-Reynolds number of 106 t~e capacity· appears to increase by 
' .>,-~··A,' • 
~ 
. t 
. ·3_ to 5% from that calculated by the Ainley method. The .· . ~ ... -
. :·:: .. _ Reynolds· number based on blade chord is obtained ·as follows: 
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Where ~- C 
·CB 
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-
-
-
', 
. velocity in 
blade chord 
ft/sec . 
"' in ft. 
Ps =·· static pressure in lb/sq. ft. 
. _____ .;..;.. ~ 
·:- .. 
··-· 
· .• :. i ·~ 
· ;. Ts = static temperature in degrees Rankine 
.. RG = characteristic gas constant in ft. lb. /lb./ °F. . -
µ, = - dynamic viscosity in lb./ft.sec·. 
For air the variation of viscosity with temperature may be 
• 
-represented ·'by the following eqll:8tion: 
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·.• · Figure 1.11 is a plot ·of equation 1.43, which although for 
a'ir., is considered. sufficiently a_ccurate for the estimation 
. "of the variation of viscosity with temper~ture for normal 
- gas turbine combustion products. At the preliminary design 
1 . stage a knowledge of the maximum Mach number is essential 
,i,. ~ 
in order to evaluate the proposed design. The two cases 
-. to be considere·d in this section are a 50'/o reaction mean " 
. 
. 
. 
- "· section design and a- zero exit swirl design. As for ~?e · 
determination of minimum hub/tip ratio of section 1.4 " .'ft 
r 
simple radia 1 equilibr.ium is considered sufficiently ,_ 
accurate at the preliminary design stage to estimate 
critica·1 Mach numbers. For the two cases to be considered 
the maximum Mach n&mber occurs at the stator r9ot and may 
be estimated as follows: 
(a) 50% reaction mean section design 
From 'equation (1.31) 
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· Substituting equation .(1.45). into· (1.44), we get: " .. 
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·substitutil)g equaf'ion (1.47 .. ) into (1.46), we get: 
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Equating eq~tions (1.48) and (1.49), we get: . 
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Dividing by tim2, and since for simJ?_le radial equilibrium 
CA hub = CA m = CA tip = C.A, equation (1 o 54) becomes: . · · 
2. 2-
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Subs·tituting equatiom (1.54) into (1.56), and dividing 
O , by lfioi, we get: 
c2hub 
TOI 
. ~ The Mach number related to the value of C2 hub can 
To1 
. • be found from figure 1. 14 • 
_ Equation (1.57) therefore relates the ,maximum root Mach_ 
number to the mean blade speed,· CA. ,' the stage inlet 
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U. -:1:.i 
, 
· temperature, ·tlie ·work parameter and the hub/tip ratio. 
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Figure 1.12 is a plot of £ against .J '• and · CA .- · · 
I . U 
t ' . ' -~ In· order to estimate the root Mach number is first 
. ' , 
obtained from equation __ (l.53·). · From figure 1.12 the 
factor 0 · may then be found, which; together with .·. • • ' l . 
u. · · C 
m _ gives a va.lue f·or .. ~. __ · , and hence Mach number. 
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Substituting·· _e·quatiOII (1.69) into ·(1.56), we get; 
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-Section 1.0 is concerned with the selection" of 
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conditions ~ critical Mach rmJ1mber. The purpose of 
· .. section l·. 0 is to reduce to a minimum the miumb<er of 
-
designs that have to be investigated in detail in order 
to arrive ~t a satisfactory solution. In contrast t.o ' ;, 
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· Further only de1ign point calculations will be considered • 
-Finally, in cal@ulatting losses at the design point, zero 
incidence will" b® a11umed at the .inlet to the stator and 
rotoro In order t© i'IDl«:r®~I@ <!fficiency at expansion ~' . l 
· ratios higher than design it i~t u~ua.l practice to design , 
·' 
. 
. 
" · · · · .... < ·· ._i:\ -~,- - : - · figure 2 .1). The reason for · this is appirxe®rmt from . •· '·. . -.. : .. ":· f·:. ' ~ ·- ''··.: } ·: . , -~~ ·.;.. . - - .. ' 
, ' 
- .. . : 
· ,> / .. examination of figure 2 .2 which is a plot of· the variation •' ' . .' • I 
. 
' 
.• 
'·, .l ' 
. . ' 
' ·- ... ' 
-- -,t'·,·-:-7···.· ' 
- 64 -. .. - -~.L> 
, I 
. ' 
I • 
, 
,. . . 
". ' - . .•. 
., ... -;." :.;,_· .... : '<'.· .. '·. ~:; "·_, 
,. -, .... ' ' . :: ~ ' : .· . . 
. . : . ; _ \ . • • ' 0 : • • • ,• ; • e • •' • ~ ,· • 
' • ' L 
., . . -· .. : 
- . . ' ' . ~ .- . . ' . .. . ·. ." :: ·. _,. ·~---·_-"-·· :.: ... ,-.-. r . .. ... : :. 
I •• <--' '• ,·' 
. . :y ... ,· !), : ' -
• • r1 , -·· • 
- .... ::~ . -: 
. ' . ' 
. 
;"•·,· ! .• - • 
'~ I. •, • • 
.. 
, .. -
. . . .. '- ':· ' . 
. " 
_,. - . 
L 
i 
. . r 
r· 
I· 
r 
. ' .. .,: .. . . . !I·· . 
r . . -.... ~ , r .... _· 
.. . . . . . . I 
. , . . ' • . 
. !. . 
i 
. ,,_ . ' l. 
. . ' . . 
. ~ - . -'• ' 
. ' .. 
-- -- -•rnH'Z - ., I ib.a -- . - _r:: .. _-.?~ 
-~·"'· ••" ,, • •• ,.-,- H' ••• !!'! • 
-
total pressure loss coefficient with· incidence for 
< 
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incidemlc® th® loss coefficient remains substantially 
-·"' 
· constant OVte1'· ~ laroce range. 
@ 
. 
. 
. 'I· ... 
·• ·• · .. · .. · ' " Tl)e.· desigll incideoo@ selected must of necessity b8 small 
· since increasing th® negative incidenc't~ at desigii point 
also increases blade turning angle., which in turn reduces . JI· 
. . . 
. ;, 
.~: ". I 
,... . . 
: l • . 
.·· blade stalling incidence snndl range. In view of this it 
· is considered justified to assume zero incidence for 
·. . . - • ·-. . ,,- -. : - . ':.· t 
. . 
. . . 
. . . ~-:- .- . 
. 
· design point calculations, since the permi~~i'ibl® value .J ~ . 
I 
of incidence selected_ at,de~ign point is such thl8lt the 
· 1oss coefficient _will be substantial.ly that at zero 
incidence. 
.. 
-. __ ... 
. . 
f ~ ' $, . 
\ . : ' 
.J.. 
. ' 
C • "':'" 
.. ... ' 
. . 
.· ·:. ~ ' 
..... __ r·-··. -·- ·-:· 
.,_ .· .. 
2 .1 Profile loss ·Ind optimum space/chord ratio ,• . .. . 
The profile loss at zero incidenc. is assumed by 
' 
-
·- > 
• 
· ·_.i , :·, .·. _::. Ainl'!_y ·to be ·a function of 
. • ... -.-- .. 
. . ~ . 
* 0( . ex 
-~ 
·· · 2 ), . )/ CX 2. , . . . ·· C , . .; . •• . ~ ,· .. ,: . . . ti 
•. . ' '• ~·' . . . , ., ' . 
I ·,r .,. 
.- ··• I • .., •· .. ·., 
., . 
. . . 
'• ,\, •, , L 
. . 
: : : ' .-: 
t-rnaX 
C 
.•. 
•• """""'1. 
... 
~: : " ._ ~ ' ' . . ' . 
· .. , ..... ' ,', 
_._.·.- . ,-.·' . 
, : ' . . .: ., '~ - . ' ' . 
. . . 
.. 
' ,. . 
- .ii 
. . 
', • I 
• 
- '·: .1 .. 
. '- . ', ' : -, ' 
.'· . ' / . : :~ . ·, 
, ,:•. ' • I • .-, , ' . ' 
··. · .. , ·' ,, . ' • • • • ~ ~ .• " '-, • • ,, . . . 
' •' ' I ~ ~ •. , 
. . 
'. I' 
.. ··.. i.: : . ,. " . ' .. ' '•1. • • • . '. • ' • • ' •• " - .. • 
., 
'~ 
. ' ._,. ... 
·,., .. h~ 
,•,- , . 
!"''-''•'"•'"~"'' ·-, 
··,:-••• _.:, .'1 • •• ;- •• --. 
• • 
• •• ,:'.-. 
".'. ,• ··, 
.•' " ••• - • ', 
~ 
. - . . . . .. - ' ~ ' 
. ' ' ., ' ,. ~ 
. 
.. '. I, •. ' ~ .• :-. :. . • 
• • 
• 
. . ··. . . . 
• • • ; •• , ' •, • :' -~ I ... , • , • 65 • . "-: , : ,i· · ·.·i .. ,:.\_.:ii'· ·.:./·: · .. : ··:· .... , tr.~. ' 
.• . ) . . 
, • .• ," ;, • • r'I• ..: . ;.,, :' . . . ' · .... ' ·. ~./ •, ~:. -~· - <.- ...... · . . \ . ~ ... . '; ' ' . . 
,: ....... -; . 
\ .. , . 
. '· . 
.,·--J.,.~'= .... ...- ...... ,_.,_. , _~ 'b - ,. • .,,.,,.___, -m-::e:=:s 
·-··-·-·..-·---·-~O::,,-.f,:-:~--_;..=--·---····· --,-.__.,..,.....,.,..,....,.,-sz..r,fk~~--- u_ .J..I J -· -· -· • • • --=·--·2a- ~Y""'- ~-"""---'· -.-,, --
.. 
'·· 
,.,..-: .. ··-···· 
' 
t BLADE ./NL .. ET r 
< • "ANGLE 
• 
L = l·NC /DENCE 
~ FIGUR._E 
' 
I--
<: 
·3 
~·/. tu 
~ 
7 
.4 
.. ~ .. 
...... 
\ (J . 
........ 
LL. ,. . 
. ·,~· LL. 
. -. Lu 
•2 0 
u 
ll} 
. 
~ / - ~ 
' 
~ V) 
0 
•/ ....... . 
·---
........ I ) 
~ 
~ 
;-.,'" 
0 
.o l ,.... 
·, 
--4'0 0 20 4-0 -20 
• INC I DENCE. L DEGRE_ES 
... FIGURE. 2·2 
., 
< .. 
"' 
.. '/ 
66-
·' ., :, 
. i· ·. 
·where 
•· . , .,'· . . ., .·. '.· 
·. . . ,··, . 
.. ' '. =, ....... . 
--= 
0 . 
CX 2 ·=. · gas outlet 8ngle 
' 
~ ex .. = I .. blade inlet angle, which equals .the . 
s · . gas inlet· angle at zero incidence ·· 
C = 
·. I; space/chord ratio. · .. 
C = maximum blade thickness/chord ratio 
. . 
~ . t' .• 
·. The correlation given by· Ainley for the profile loss . . ... . ~- ' 
··· .· . _ coefficient is as follows: 
~ ~ 
.. . ,_ •. 
... 
. . ,-· 
--- ~. 
>p(i-o) ~ ~~-o) + {:~) Y,»ft.--a.,2)-Yp (0<:==o) 
' °'<1 t - 0<2, 
C . . ' .. ~ . ', .. · . 
• '. •• '. J. '-. ' •• 
. . . -~ '. . . ' ... 
-
. ·-i .·-1.·. • .·.:· . 
~ ~ ~ 
. . ._!_.,. . :· ·-~ . 
•. ..: :<:_ • -~-. • . • ,. · .. .: ·· .. ,... . Where· i· = incidence 
.. 
. . .· ·,· 
. . t ,_ . 
P{,:.o) "'" profile loss coefficient of a blade having 
* 
. . 
. ' . ' 
'< . ' : ,, • 
9< 1 • o and the same Oc-z and S/c as the . .... , - ,. . 
. ' 
actual blad·e. · 
. . . 
··,. __ ·: .· .... 
... 
' . . . ' ' 
. . . . . '· Y,{~ •-Q..~ profile loss coeffic~ent of a blade having 
* - I ~ · -=:- - ~a and the same --'-~, and S/c as· the 
',, .' 
actual blade (i.e. impulse blade) .. · 
- .- t - . 
·. Figure 2.3 and 2,4 are taken from figure 4 of AiDley's 
.· .. · · ··•. • .~·. report •. These plots are used to obtain the data for 
. substitution into the above equation for Yp• In·-order 
• • C 
..:..··. . ., 
. . . \ 
. . . 
I . , .. ·• ,'-. r
0 
·::····: • ' 
' '• . . •)', ,,, -.. : .. 
· .. ·· .. ,.: ,·.< . · .. , .... .,. :.,.·.··: .·· 
... 
. . . 
. ' _.,. :· •' 
'.~ :, ·, I;,.. · .. - I ' 
•.:: ,, . ' . .
• I ' \i ~ . ' ' ... : .· . 
· .. ;; .. · · · ·. · · _;· · · · .' · · .· . .... : •. ·-~· 67 • . · · .. ·: .. · .·
. • • : ~ .. ,· ;; ~ : '' •• t :'I ' . ' . . ,. 
. .. . . . . . - ·. . . . . ' ' . . ... ·..... ·~ .... : . . . ' ; - • • I T ~ • ' ) • • 
. ; , , , • • r, • . - ' 
.. '. , ~ I .·.; ,, .. · , 
, ' •. ·.:-.:' .. . . ~ .. . . 
• • ' ~ ' - : ,_:.,,,_: .' ·~: • ', I •,,;,., • • 
•· •' ,. ,, . 
~ ' . ; . . ' . ' . ;- ~ • 
, ~. ! 
t ;, ... " .• . 
. ·:·-. :· ' 
. . ·:. . ' ·":·,' ~; . 
:, • l .·.·.,.-: •• :. ,:,. • 
' ., ..... · ~ . 
' . , 
. •', ' .. ' 
. ' . ' 
·- . ' . . ._.:.· ---
... ,_.:~:... . . ' . ·. -~-=-.. _\ '. 
/· ~-
.. :t 
.. ; . : 
·, 
'_.G· 
.• 
·" . ·-· 
• · .I ' t • ; '~•r'·~~ ·,· .' • '. ··\,~-~ ' 
.~. ' ~-
. ' - .. '.. t . .'· : I.. ', '-,_ ~ . • . 
, .. ' . . .;··~·. -~~ .. ·.' ., ' ,,· ' i . ·. : : . :. , . . .•• 
. - . I ' 
,·,. ,: . .. •) .. ·: ''''., ... . . . . 
'"''' oJ ,,.,1:,1 "11.j\• .: 
··• ., 
.. :,·-··. -~,-:'-'.·· 
. .· If '· '._.,. :' .·· ' 
. . ~ ~. ' ,.·-.. ' ; 
-· ... · 0 
. . . -.-- \ .. 
. :., · .
. ' 
. r' 
. .. 
\ 
\ 
.... ----' 
. ' . 
~ · .. ' 
I • 
• · ..... ~ 2··::?rrJQ-n ' ·-- ---... -...c=_ --~ LJ- 1 
- ~;;D"" ,...,..,.--~,,,._-.,,,.cc~ I I I I 
~· 
.··' ··-':· 
to obtain a more rapid assessment of the profile loaa~"""Y' 
. 
. 
. 
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The selectian of the .-Pitc1'm chord. rstio is important 
too mllny .blades c~use high friction los,e~ while 
.. · , .. too f®w blsJdes c,iuse ®vern high®r eeparratim los$es o . ) 
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Figure 2; 13- is a plot of the optimum ;p~ce chord· ratio 
agairrn~t gas ini~.t· and outlet Blngles o This cllJi~® was 
,· 
. · .. obtained . by croaeJ plotting .the profile loss_ coofficient · 
• . . from Ainley 0 s c01erelation · against space chord ratio for ·. 
constant value~ of blade inlet and outlet angles. The.···· 
o~t:im~ spac® ch«Yrd r~ti@ itlB that at\hich ·the minimum 
profile loss occurs. Ainley O e analysis, however, 
· permit the prediction of spac~ chord ratio ·for negative . -··· 
blade · inlet angles.·· For. a mean section d.®1ig1rn this .. · 
usually does not cause any ·embarrassment sine~· blade· 
loadings 'are suc·h· that a pos~tive inlet angle retH11~ts •. 
' 
. 
. . . '-
. 
: . . : 
. 
· · ·. When three dimen~i911a 1 · cons·tderations are taken into account, .,.' . 
. 
. 
. 
. 
.. 
/ 
... / 
& ' • \ .. ' ·.·. 
hOilJ®~®'ll:' l) t'b.® re/Sul~ing ,flow is such that neg~tive angles- . . ..... ·.· .· .. 
. 
- ~ . 
. 
.. ' 
· ·are· usually @bt~ined · at the -b.lade tip se·ctions. . In addit.ion · ·, · ··.·. .. . . . . 
.. tO Aini@y 0 ~ C@r:i'®l®tioov tb.®1,'®fok'e, t~ee curves have been . > ' . · ..· r 
' "£.,. 
. .. 
. . 
-
i· 
I 
·l . 
· .. · -' .. · , .~,'---- refer®nce ·2, and are for blade ifilet angles of O, . 
. . 
·-- -·, ,-.... 
·-
, V, 
. . " ·. . 
FIGURE 2•13-
- --- ,.-..-.- -::-:: ' '.-: __ ,_, .. - - -- . - . -~-....- f .. -...... ~_._:-
. .,._ : 
-10 :I 
.. ~ TR, L .r--
•····· 
. I• I --l~b=-l,.. ............ =-l4r---....f....=-+---+==---=+=====t===-f'====-====-' •. ~ - . 
\ 
, ... 0 \ 
·8 
',, ·.. ~ . 
. .. f,: . 
·6 
-
--=:a . a:;:a I LS 
. -
. ·.,· ' .... , .. 
. > - .. .' ' . -~ '. - •• .-. . ' - . : 
-·. \ '_ ~ _: . ' . 70 
+o so .{ 60 ,-70 
GAS OUTL ET·ANG.LE DEGREES 
. . ·- . /,; . -81-
. . ~ . ~ 
. - •.· .. ; ... 
. - .. ·, I'. -
·,. 
,. . -:. ,: .-- '·• 
' ..;.....,-... · · ... ,-., ... -·:-"":' 
, • ,, , ,.,·. I~ 
·., i 
., ;·_ 
- . - , .. 
' : •, -· 
... . 
. \ 
- . ' .. .. . ..- - . - - :::-..::; .. 
u ~ 
lu 
~ 
~ 
VJ 
~ 
~ 
• 
. . . 
_ .. .: ~ 
d. 
· .. 
,.--' 
. J.... ,• .,· ;, •·• 
. . ~ I 
_- .. · •• _, •_--'-,.I, • 
'· .. ' }:, . ' . ~·": ' -
.· ... ,.· ' .. ( - . 
.. 
·"" .. 
-·· -~ 
- ' .· ·... .;.:_ · ... 
. __;~ : 
. -
... ' 
,_ 
,. 
! 
r 
i 
.. 
J 
.. : . ·r.· 
. 
-
I 
I 
I 
' 
' ,. 
., 
I 
i 
1. 
·1 
. . . 
• I 
. ··-- .. ~.-- ·, _·::.:·.·.:.·,;"'-. ··.: .: .... '·, -----~ -~ 
I 
.- .. , ....• _,-._.-~. -· --=- "~--····- ... 
r I.;:• 
. . ..•.... -- ........ ,---~----~---·-·---· ------~ .. ·-···~---·,,····--------~-,~~--------.. ,-, ,..__ 
( 
-20 degrees. · The zero degree curve is· included for 
. comparison ~urpose,s e As ·can be seen from examination 
· fig~re 2ol3 the maximum deviation between Ainley's 
. 
. 
correl@lticn and· that @f reference 2 occurs at blade exit 
angles above 70 degrees, and it is recommended that the 
curves of refer.ence 2 · be m<Mif ied . as shown by the dotted 
. 
lines on figure 2 .13. · The· re~~orn fa£e creedu~ing the optimum 
spacing values of reference 2 is that· in addition to. 
bringing the curves in line with the recommendatione of 
Ainley, the design of a blade section is a compromise 
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between the required inlet and outlet angles, the blade 
. chord, the section area, the section c~nter of gravity, 
·the section stiffness, and the line up of the· leading · 
. and, tr~ililfilg ®dg®1 o It is ther~fore necessary to put a 
maximum and mi~i~~m ~ol~rafilce on the blade chord since 
-1t is not possible to optimi~® ~11 ©f th® above para~eters 
. 
·a't the same time. The tolerance values chc~®IDA a~ acceptable 
are t 5% at the mean section, and--,t 101 at the- tip ~m 
root section._ In the course of· a blade desigD, therefore,· · ·. · -. , 
· ·. a blade chord of up to 101 smaller than the des_ired ·. 
optimum may result.-
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· O. Zweifel, reference 3, has obtained a.correlation far .. 
blade spacing using a. load coefficient ·· WA which is ..... ~ f • . \_ . . 
defined as·. the ratio. -As;"tual __ , ,lift, where the ideal lift 
·" · idea 1 lift 
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corresponds· tQ an ideal JP)r®IIHJJ!r{! distribution ©W®r the 
blade. For a value of 'J!A · of .9 Zweif®l Os @m:r~lation ·· 
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In an ~®~o engine blade weight affects disk weight, which 
· in turn affect~ 1haft oo@ight, th® ~h<Blft 1ml tamrn aff(!@ting 
support-weight. The selection of the spac® ch~d re~tio 
. . '.··::,·:·: .. is therefore extremely important, and has a pronounced 
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. ' effect ·~ ov.erati ,ngine weight. As sta.ted .previously, · 
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the areas of validity, and it is recommended that for 
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figure 2 .13. ~ere minimum weight is d!eSJir~bl®_ figure 
· 2 .13 may be used for ·the initial selection of spacce chord 
·------ratio~ -- With the aid of figures 2.5 to·2.11 the penalty 
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: ' '. incurred ~Y increasing the space chord ratio above the . ' - .· .; ' 
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··optimum may then be assessed in terms __ of pressure loss· 
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Where ·Pm is the d.ernsity at the mean velocity· 
. conditi<On Cmv ~rrnd S i1 the blade pitchc 
. · we will a.ssume the blade· angles to be positive as drawn . 
• 
· in figure 2 • 14 .•. ' d_ .... ___ ··" 
Assuming CAl = ~A2 = Cm = CA, then the axial force on 
· .· each 'blade is .. given, as· follows: 
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. . the change.·in static pressure may-be approximated·.· .. ··_ .. · ~ . ..· 
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The pr®wio~s ~ections have been concerned with the 
estima~ion of optimum paramete~~, and with the prediction ,,... . . .. , ... ~--
of efficiency based upon· gas angles a~ 'blade lo11e1 
estimated at the mean diameter .. . The ·purpose of this. 
-· 
. density throughout the flow field assuming the mean 
diameter ve1lO©ity diagram is ·given together with a pre· . 
scribed variation ©f perip~eral velocity component with 
radius. This will ®li!able the· velOCity diagrams ··to be 
· defined a·t all radii, which in turn will enable blade 
profiles to be designed to produce the reqQJ!ired deflection . ii· •... ····••.··· .· ·.· 
- to the flow. Obtaining the above descripti01rn of the 
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equatioo~ for compressible, unsteady~ viscous flow with . .·. ·. -· · · 
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turbulence, however, it has been found possible to 
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!-intrOduce simplifying assumptions which great·ly reduce 
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· ,, _ reasonably accurate prediction of efficiency and c~_pacity : ~ ' ,, ,, .- .'- . ' ' 
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· . . <> , : . . _ -to be made. 
· ,~ .Negle~ting turbulence and. assuming the usual boundary 
· ..... · _·. · layer ··approximatiori that away from solid surfaces the· flow · 
• 100 -
- . 
·. 
. 
. 
-n : -- := _&Bi.,!EBClZ-.-·-' - -
.... -C.¥ ----
-W s•='.Le• = ; - I r, 
-
)- w 
. 
. . 
. : 
. 
. ~. .- .• .. :, . \ 
L ·, 
·, 
.-
I -
> .. 
. :· - -
. ·.· .... 
. ~ 
. . . 
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Substituting. equation((2e64) into (2o63), we obtain: 
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substituting the above into_ equation ·(2.65), we obtain: 
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We will ·nON consider a turbine blade with a conical hub ,, · 
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Referring to figure 2.21 the displacement of the stream-
.···· ·. · . l'ine~ eicrc~s th@ . blade· will assume to be governed by · the 
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I . f ollcw,ing equa tiona: . · - 1 
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Substituting equation (2.70) into (2.69), we obtain the 
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Substituting equation (2·.73) int<>· (2.68), we get: 
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·-· ·. • Substituting equation (2.77.) into (2~76) · , V ' 
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. 'i ' 
'' !····.· 
I 
' ' 2. ' : ' ' 2. ' .·· ·, ' 
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' ·: .. .: ,·-•. 
~' : -:," . 
' , . 
,•. '. 
'· . ' .. : .. 
. . ' . 
, ' 
. .. . _ ... .., ... -_.. ....... ., ,: ·-
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,;. . .· ... -. ~120-
• .. .-. :- ' d . ·_ -_ --~ • • . • ; : ~ • • .. • ' • , ' • • 
.. . ~ 
-. ·., .- ' . -
• '• • _.·:. ..·- -:~-. 
-'.' 
.',: •. - '--: .. ·.- •• :""' •. '~~. -;.,. 1 • ~- ~- •• 
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~.. : • • 
• I. • : .. • • •, ' ••• •. . • • ·,;- ... • .. 
. ' . , ~ . . ·' . . ,. .. ,., ,. .. · ... ' .:. ' ,· . ' : . .. . 
. ,.. ',, .·· • : ,•':,.' : ,• . ..- "'; '. ; '.,, ,.- ; ; . / ,~' •' · • _.·:. •t 
,l . • . • ~ .-. - . • 
-- ... 
• • 
'I," 
_., 
. ' . . ,,~- .... ' :· ' 
' ' ' 
·, ,· ~ . 
. _·(··. . ·, 
• • _,_J._ • • • . ; . ' • ; • ~ • ·- • 
.. : ·.~ 
-·' 
ti' 
' , 
,,.. 
. .. . 
. · ... / 
. 
. 
:1 
·. -r 
-·· considering the integral · 
J.'""' 
. I . . 
. ( .. . ~ 
. --- .. ~- .. , 
. 
. 
. . 
. 
-·· . - ~- ·. . ... ,.. .. ·- . ' . . -~--
\ 
,. ,, , 
_} ''• . 
. . ·. substituting equations· (2,74), · (2.78),· and (2.82)· into· .. ·.· ... . __ ,. 
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.• . .- ', ;~ 
f, ' '• 
. . . 
, 
--
. -· . 
. ·. . . 
.• . .. ''" .... _... ..• .· . 
2 
:·. ' .:J .'' 
.  
. ' :_' .::·::· 
'. ·. ', .... ~ . . ' . 
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· e-f~lux angle is. ass.umed. to vary linear,ly. 
.. '' .. The pi'oblem is to determine that value of o/s which .': ·1.1 ; 
u,4',:: ··•·. · gives the outlet angles ~t. Mach numbers of o 5 and 1 er) 0 
.. ·: J .. 
. ';'", 
. such that for the de~ign efflux .Mach number·· the design 
efflux angle -·1s obtained. 
· The following car.relations are from the Ainley, and 
·· · · · Mathfe-son ·report (reference 1). 
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· Considering first the stator the correlation between ~ 
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.,the outlet angle at Mach number 1.0 and o/s is given ·by 
the foll~ing equations. 
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Figure shows the back radius value ''e ,, to be 
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Comparing equation 4.14 with eq~tion 4.1, it will be 
observed that the preliminary estimate of efficiency· 
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Using the methods of this thesis to design single 
· and · multi stage units of vari.ous sizes and· horsepowers 
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· nas resulted in similar correlations and it is therefore 
concluded that. for subsonic t'Urbines P· within· the . 
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. limitations given in the body of this report, the 
··simplifications used in describing the f·lOW · through · 
· a turbine stage are acceptable . 
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